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The conversion of methionine to volatile sulfur compounds (VSCs) is of great importance in flavor formation
during cheese ripening and is the focus of biotechnological approaches toward flavor improvement. A synthetic
mgl gene encoding methionine--lyase (MGL) from Brevibacterium linens BL2 was cloned into a Lactococcus
lactis expression plasmid under the control of the nisin-inducible promoter PnisA. When expressed in L. lactis
and purified as a recombinant protein, MGL was shown to degrade L-methionine as well as other sulfur-
containing compounds such as L-cysteine, L-cystathionine, and L-cystine. Overproduction of MGL in recom-
binant L. lactis also resulted in an increase in the degradation of these compounds compared to the wild-type
strain. Importantly, gas chromatography-mass spectrometry analysis identified considerably higher formation
of methanethiol (and its oxidized derivatives dimethyl disulfide and dimethyl trisulfide) in reactions containing
either purified protein, whole cells, or cell extracts from the heterologous L. lactis strain. This is the first report
of production of MGL from B. linens in L. lactis. Given their significance in cheese flavor development, the use
of lactic acid bacteria with enhanced VSC-producing abilities could be an efficient way to enhance cheese flavor
development.
Methionine (Met) catabolism plays a major role in cheese
flavor development. Met is believed to be the precursor of
numerous diverse and quantitatively minor volatile sulfur com-
pounds (VSCs) (38) which make important contributions to
the overall flavor that are typical to different cheeses (7). Most
of these compounds are derived from the degradation of Met
to methanethiol (MTL), giving rise to a variety of compounds
such as dimethyl disulfide (DMDS), dimethyl trisulfide
(DMTS), and S-methylthioesters (41).
The Met biosynthetic and catabolic pathways leading to
MTL vary among bacteria (36), as do the enzymes involved
and the amount of MTL produced during cheese ripening (15).
The most direct pathway occurs via L-methionine -elimina-
tion of Met to MTL, -ketobutyrate, and ammonia. This L-
methionine -elimination activity has been shown to be quite
efficient in Brevibacterium linens (21), while its presence has
been suggested in several other cheese surface bacteria such as
Micrococcus luteus, Arthrobacter sp., Corynebacterium glutami-
cum, and Staphylococcus equorum (9). In B. linens, this activity
is catalyzed by an L-methionine--lyase (MGL), which has
been previously purified and characterized (16). Moreover,
disruption of the mgl gene encoding the enzyme has been
shown to almost eliminate this strain’s considerable capacity to
produce VSCs (2). In lactococci, which produce only limited
amounts of VSCs (15), this reaction is catalyzed by cystathi-
onine lyases (- or -) which are responsible for the simulta-
neous deamination and demethylthiolation of Met to MTL (1,
11, 18, 22); recently, a new C-S lyase (YtjE) with ,-elimina-
tion activity that degrades Met into MTL has been character-
ized in our laboratory (30). Unfortunately, C-S lyases display
relatively low activities toward Met, limiting their capacities to
produce VSCs. Another route for Met catabolism involving a
two-step mechanism initiated by an aminotransferase has also
been identified in lactococci (8, 23) and other cheese-ripening
bacteria (3, 9), which leads to the formation of-keto--methyl-
thiobutyric acid which is subsequently converted to MTL; this
route, however, produces only limited amounts of MTL.
In recent years, numerous studies have pursued the control
and/or diversification of VSCs primarily by means of using
selected cheese-ripening microorganisms or combinations of
them (4, 7, 25). A few studies have focused on engineering
lactic acid bacteria (LAB) with enhanced VSC-producing abil-
ities by increasing cystathionine lyase activities (22, 27). In this
respect, a Lactococcus lactis strain engineered to overproduce
cystathionine -lyase was shown to produce larger quantities of
VSCs with Met as a substrate compared to the wild-type
strain (22). However, this study also showed no significant
difference in VSC production between the wild-type strain
and a cystathionine -lyase-knockout variant, implying that
other enzymes may play a more prominent role in the con-
version of Met.
The aim of this study was to develop LAB with improved
capability to produce MTL and other related VSCs as a more
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efficient strategy to enhance cheese flavor development. We
describe the bioengineering of food-grade L. lactis strains to
produce MGL, which has been reported to play a major role in
the catabolism of Met to MTL in B. linens, a good producer of
VSCs (2). The enzyme activity of the recombinant MGL was
confirmed, and its role in the production of VSCs by recom-
binant L. lactis was also investigated.
MATERIALS AND METHODS
Bacterial strains and culture conditions. L. lactis strains MG1363 (24) and
FI7847 nisA (19), used for cloning and expression of recombinant protein,
respectively, were grown at 30°C without agitation in M17 medium supplemented
with 0.5% (wt/vol) glucose (G-M17). Plasmids were electroporated into L. lactis
(42), and transformants were selected on G-M17 agar (1.5%) plates supple-
mented with erythromycin (5 g ml1) (Sigma, Dorset, United Kingdom) to
select for recombinant pTnis and pTnis-His plasmids (32, 33). B. linens strain
CECT 76 (Spanish Type Culture Collection) was grown at 25°C with aeration
(250 rpm) in Trypticase soy broth. Escherichia coli BL21(DE3) expressing YtjE
(30) was grown aerobically at 37°C in Luria-Bertani medium supplemented with
kanamycin (30 g ml1) (Sigma). Growth of bacterial cultures was routinely
monitored by measuring the optical density at 600 nm (OD600).
DNA manipulations. Molecular cloning techniques were performed essentially
as previously described (34). Plasmid DNA from L. lactis was isolated using the
Qiagen plasmid miniprep procedure (Qiagen, Ltd., Crawley, United Kingdom)
adapted to include mutanolysin (0.1 U l1) and lysozyme (5 mg ml1) in the
resuspension buffer to facilitate cell wall degradation. Extraction and purification
of the plasmid DNA were performed using the MiniElute Qiagen kit. Vent DNA
polymerase (New England Biolabs [NEB], Herts, United Kingdom) was used for
PCR amplification reactions according to the manufacturer’s instructions. DNA
restriction and modification enzymes were purchased from Promega (Southamp-
ton, United Kingdom). DNA sequencing was carried out as a service at Lark
Technologies, Inc. (Takeley, Essex, United Kingdom).
Codon usage optimization of the mgl gene sequence of B. linens and cloning
and expression in L. lactis. The pTnis plasmid, a derivative of the gram-positive,
broad-host-range vector pTREX1 (32, 33), was used to express MGL in L. lactis.
The gene encoding MGL from B. linens (GenBank/DDBJ/EMBL accession no.
AY622198) (2) was synthetically manufactured by Epoch Pharmaceuticals. To
enhance the translational efficiency (i.e., the expression level of heterologous
protein), we first codon optimized MGL by adjusting the codon frequency to that
of L. lactis MG1363 (40) (see the supplemental material). Using the synthetic mgl
gene as a template, the Mgl forward (5	-CATGCATGCAGATTACCCAAAAT
GGAATTTCAAC-3	) and Mgl reverse (5	-CGGGATCCTTAAACAGTTGCA
ACTGGATG-3	) oligonucleotide primers (adapted to include the restriction
sites SphI and BamHI) were used to PCR amplify an mgl gene fragment to
facilitate cloning into pTnis, downstream of a nisin-inducible promoter (14). A
second mgl gene fragment was also PCR amplified using the oligonucleotide
primers Mgl Forward (see above) and Mgl reverse2 (5	-CCCTCGAGAACAG
TTGCAACTGGATGTTG- 3	), the latter adapted to include an XhoI site to
facilitate cloning into the plasmid pTnis-His, in frame with a carboxyl-terminal
His6 tag (encoded by the vector) to enable downstream purification of recom-
binant protein. The cloned mgl gene was identical to the codon-optimized gene,
except for the changing of a triplet of bases (CAG for AGT) that resulted in the
introduction of the amino acid Gly instead of Ser (at position 2) at the N
terminus of the recombinant MGL protein. The PCR-amplified products (rep-
resenting mgl and mgl-HT) were digested and then ligated into appropriately
digested pTnis and pTnis-His plasmid vectors. Recombinant plasmids were then
transformed into L. lactis MG1363. Plasmid DNA was then prepared from
individual clones and analyzed by DNA sequencing. Plasmid DNA from clones
with the correct DNA sequence were then transformed into the expression host
L. lactis FI7847 nisA (19) to generate L. lactis pTnis-mgl and L. lactis pTnis-
mgl-HT.
Purification of recombinant MGL and YtjE proteins. To optimize MGL ex-
pression, L. lactis FI7847 nisA cultures containing pTnis-mgl-HT were grown at
30°C to an OD600 of 
0.5 before induction with nisin (1 to 50 ng ml1) for 3 h.
To purify recombinant MGL (His tagged), the cultures were induced with 25 ng
ml1 of nisin for 3 h at 30°C, at which point the pellets were collected by
centrifugation and stored at 20°C. Purification of His-tagged MGL was per-
formed as previously described (35). Briefly, cell pellets were resuspended in 10
ml of lysis buffer (50 mM sodium phosphate [pH 7.5], 300 mM NaCl, 10 mM
imidazole, 10% glycerol) containing 1 mM EDTA, 1 mg ml1 of lysozyme, 1 mM
phenylmethylsulfonyl fluoride, 100 M pyridoxal 5	-phosphate (PLP) and an
EDTA-free protease inhibitor cocktail tablet (Roche). Cell suspensions were
incubated for 30 min on ice, disrupted by glass beads, and centrifuged (12,000 
g, 20 min) at 4°C to remove insoluble materials. The clear supernatant was mixed
with 1.5 ml of a 50% slurry of Ni2 and nitrilotriacetic acid resin (Qiagen) at 4°C
under gentle shaking for 4 h before being loaded into a polypropylene column.
After unbound proteins were removed through a series of washes, recombinant
protein was eluted in elution buffer (50 sodium phosphate [pH 7.5], 300 mM
NaCl, 300 mM imidazole, 10% glycerol). Eluted MGL was analyzed by sodium
dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE), and selected
fractions were pooled and dialyzed against phosphate-buffered saline (pH 7.0)
solution containing 10% glycerol. The YtjE protein, a C-S lyase used for com-
parative analyses, was expressed and purified as described previously (30). Re-
combinant proteins were quantified using the Bradford assay method (10).
Preparation of cell samples for enzymatic and VSC production analyses.
Recombinant MGL activity was assayed using either purified His-tagged MGL
protein, whole cells, or cell extracts (CFEs) prepared from nisin-induced cultures
of the L. lactis pTnis-mgl strain. Whole cells and CFEs prepared from cultures of
L. lactis FI7847 nisA carrying empty vector (nisin induced) and B. linens were
used as controls. Cells from L. lactis cultures grown to an OD600 of 
0.5 before
nisin induction for 3 h and B. linens cultures (50 ml) grown to an OD600 of 1.2
were harvested by centrifugation (3,220  g, 15 min at 4°C), washed twice in an
equal volume of ice-cold potassium phosphate buffer (50 mM; pH 7.0) and
adjusted to an OD600 of 20 in 100 mM Tris HCl (pH 8.0) or 50 mM sodium
citrate (pH 5.4; 4.5% NaCl); VSC analyses were performed immediately with
these bacterial suspensions. To prepare CFEs, cell pellets obtained as explained
above were resuspended in 2 ml of ice-cold cell suspension buffer (50 mM
potassium phosphate, 1 mM phenylmethylsulfonyl fluoride, 1 mM EDTA, 100
M PLP [pH 7.5]). A 1-ml aliquot was then transferred to a microcentrifuge tube
containing 1 g of sterile glass beads (1-mm diameter) (Sigma) and vortexed (four
times for 2 min with 1-min intervals on ice). The insoluble fraction and beads
were removed by centrifugation (10,000  g) for 10 min at 4°C, and the super-
natant fraction containing soluble protein was aliquoted, frozen in liquid nitro-
gen, and stored at 80°C until used in enzyme assays.
Enzyme assays. The likely C-S lyase activity of recombinant MGL was deter-
mined by measuring the formation of free thiol groups according to a method
previously described (39) and using L-cystathionine, L-cystine, or L-methionine as
the substrate. Reaction mixtures containing 0.2 mM [5,5	-dithiobis (2-nitroben-
zoic acid)] (DTNB), 100 M PLP, substrate (at different concentrations), and
either His-tagged MGL or CFEs suspended in 100 mM Tris HCl (pH 8.0)
solution, were incubated at 37°C for 1 h, and the increase in A412 was measured
at 2-min intervals. Reactions were also performed under cheese-ripening condi-
tions (50 mM sodium citrate solution [pH 5.4], 4.5% NaCl). Control assays were
performed in which no CFEs or protein was added in order to subtract values
associated with nonspecific reactions. Purified YtjE, a C-S lyase from L. lactis
that degrades L-methionine (30), was used as a control. The molar absorption
coefficient value used for aryl mercaptide was 13,200 liters mol1 cm1, with 1
enzyme unit representing the formation of 1 mol aryl mercaptan min1.
Detection of C-S lyase activity by in situ staining. The activity of recombinant
MGL toward L-cysteine (L-cysteine desulfhydrase activity) was assayed by visu-
alizing enzyme activities (5, 43, 44). The activities of purified His-tagged MGL or
CFEs from recombinant L. lactis cultures were monitored using Tris-glycine gels
(Invitrogen) run under nondenaturing conditions. Purified YtjE and CFEs pre-
pared from B. linens and L. lactis FI7847 nisA carrying empty vector were
included for control purposes. Following electrophoresis (20 mA at 4°C for 2 h),
gels were incubated at 37°C in 10 ml of the visualizing solution containing 100
mM triethanolamine HCl (pH 7.6), 100 M PLP, 0.5 mM bismuth trichloride, 10
mM EDTA, 1% Triton X-100, and 5 mM L-cysteine to detect a black precipitate
at the position of enzyme activity.
VSCs produced by recombinant MGL. Recombinant MGL activity toward
L-methionine was also determined by analyzing the production of VSCs. Reac-
tions were carried out both in 100 mM Tris HCl (pH 8.0) and in 50 mM sodium
citrate (pH 5.4, 4.5% NaCl) (cheese-ripening conditions) containing 100 M
PLP and either 5 mM L-methionine mixed with purified His-tagged MGL pro-
tein, whole cells, or CFEs from recombinant L. lactis cultures and incubated at
30°C for 48 h (His-tagged MGL protein and CFEs) and 120 h (whole cells). YtjE
protein, whole cells, and CFEs prepared from cultures of L. lactis FI7847 nisA
carrying empty vector (nisin induced) and B. linens were also included for
comparison. The products formed were determined by gas chromatography-mass
spectrometry (GC-MS) as described previously (30). Areas of peaks were calcu-
lated using the Chem-station software (Agilent Technologies UK, Ltd.), select-
ing the peaks manually. Sulfur-containing compounds were identified by com-
paring retention time and mass spectra with those obtained using standards
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prepared individually or as mixtures using pure stocks of MTL, DMDS, and
DMTS (Sigma).
Chemicals. Unless otherwise noted, all chemicals were purchased from Sigma
(Poole, Dorset, United Kingdom).
Nucleotide sequence accession number. The mgl codon-optimized nucleotide
sequence reported in this paper was submitted to the GenBank database and
assigned accession no. FJ542125.
RESULTS
Cloning and heterologous expression of the B. linens MGL
protein in L. lactis. (i) Purification of MGL. In the first ap-
proach, the 1,277-bp DNA fragment carrying the native mgl
gene was amplified from B. linens BL2 genomic DNA by PCR
using the forward (5	-GGCATGCAAAGTATCACCCAGAA
CGGAATCTC-3	) and reverse (5	-GGGATCCTCATACCG
TTGCTACAGGGTG-3	) primers, to be cloned into the pTnis
plasmid vector in order to overexpress in L. lactis. However,
and despite several attempts, we were unable to stably clone
the native mgl gene from B. linens into L. lactis as it was prone
to mutation (intermolecular recombination events and/or seg-
mental deletions), possibly on account of its high GC content.
As a second approach and with a view toward also increasing
translation effciency, the mgl gene sequence was codon opti-
mized according to the codon adaptation index previously de-
termined for the L. lactis MG1363 strain and generated as a
synthetic DNA fragment as described in Materials and Meth-
ods. The codon-optimized mgl gene was subsequently success-
fully cloned into pTnis and pTnis-His plasmid vectors and
expressed as recombinant protein in L. lactis (the latter as a
C-terminal His-tagged fusion protein). SDS-PAGE analysis of
nisin-induced CFEs of the recombinant L. lactis strains con-
firmed expression of MGL, which was detected in both the
soluble and insoluble fractions (results not shown). The L.
lactis pTnis-mgl-HT strain was used to produce recombinant
protein (MGL-HT) in order to be purified for further analysis.
The L. lactis pTnis-mgl strain was used in enzymatic and VSC
determination assays. L. lactis pTnis carrying empty vector was
also included in the assays as a control.
His-tagged MGL protein was purified under native condi-
tions by affinity chromatography on nickel-nitrilotriacetic acid
resin, and its purity was confirmed by SDS-PAGE. The results
identified MGL as a protein of approximately 47 kDa, in agree-
ment with the molecular mass predicted using its deduced
amino acid sequence (45.7 kDa).
(ii) Characterization of the recombinant MGL activity.
While the activity of recombinant MGL expressed in L. lactis
was characterized primarily by its ability to convert L-methio-
nine into VSCs, its ability to degrade other sulfur-containing
compounds was also examined. In this respect, the ability to
degrade L-methionine, L-cystathionine, and L-cystine was de-
termined by measuring the formation of free thiol groups (us-
ing purified recombinant His-tagged MGL or CFEs prepared
from recombinant L. lactis pTnis-mgl). When CFEs were
tested under optimum assay conditions (pH 8.0), the formation
of free thiol groups was higher (Table 1) in nisin-induced
cultures of L. lactis pTnis-mgl than that in the vector control
strain, indicating a role for MGL in the degradation of these
substrates. Furthermore, activity toward each substrate was
shown to correlate with increasing levels of nisin (and thereby
MGL expression), reaching optimal levels when cultures were
induced with 25 ng ml1 of nisin (Table 1). At this concentra-
tion of nisin, recombinant MGL activity was comparable to
that obtained using CFEs from B. linens. When tested under
conditions that mimic cheese ripening, CFEs from recombi-
nant L. lactis pTnis-mgl retained over 30% of its activity mea-
sured under optimum conditions (data not shown). In addition,
under optimum conditions, the purified His-tagged MGL pro-
tein was shown to demonstrate activities of 357  7 mU/mg for
L-cystathionine, 604  15 mU/mg for L-cystine, and 488  13
mU/mg for L-methionine, respectively. When these figures
were compared with those obtained using purified recombi-
nant YtjE protein (data not shown), a cystathionine lyase from
L. lactis (30), YjtE was shown to exhibit much higher activities
toward L-cystine and L-cystathionine; nevertheless, MGL pro-
duced in L. lactis demonstrated markedly higher (10 times)
specificities toward L-methionine.
The cysteine desulfhydrase activity of MGL was conve-
niently monitored in nondenaturing gels using L-cysteine as the
substrate. Hydrogen sulfide (H2S) reacts with bismuth to pro-
duce an insoluble product which forms brown to black bands
on the gels (43). Purified YtjE protein, which displays activity
toward L-cysteine was used as a positive control. Following
electrophoresis under nondenaturing conditions, purified His-
tagged MGL produced a single strongly reacting band of ap-
proximately 170 kDa (Fig. 1), confirming the ability of MGL to
catalyze the ,-elimination reaction of L-cysteine to H2S. Fur-
thermore, a similar band was also apparent in CFEs prepared
from B. linens cultures. Critically, this band could be detected
in CFEs prepared from nisin-induced L. lactis cultures express-
ing MGL. By comparison, this band was absent in CFEs from
noninduced recombinant L. lactis pTnis-mgl cultures and CFEs
from induced and noninduced cultures of L. lactis carrying
vector only (Fig. 1). A smaller band exhibiting activity toward
L-cysteine could also be detected in all of the CFEs prepared
from L. lactis cultures (Fig. 1).
TABLE 1. Enzyme activities toward different sulfur-containing compounds with and without nisin induction
Substrate
CFE activity (mU mg1 protein) with nisin concn addeda:
L. lactis pTnis L. lactis pTnis-mgl B. linens CECT 76
(0 nisin)0 10 ng ml1 0 1 ng ml1 5 ng ml1 10 ng ml1 25 ng ml1 50 ng ml1
L-Cystathionine 14  2 14  2 15  1 25  2 32  3 59  4 65  6 53  3 60  5
L-Cystine 19  1 19  1 21  2 69  2 90  3 112  3 137  5 111  3 123  6
L-Methionine 19  2 19  2 21  1 40  2 57  2 87  2 103  2 93  3 90  6
a CFE activities were determined by measuring the formation of free thiol groups (with either L-cystathionine, L-cystine, or L-methionine as the substrate). Assays
were carried out in 100 mM Tris HCl (pH 8.0) solution. Values are means  standard deviations of three independent experiments.
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(iii) Formation of VSCs. MGL activity toward L-methionine
was assayed by GC-MS in order to identify the VSCs formed.
The assays were performed under optimum conditions (pH
8.0) using purified MGL or CFEs prepared from recombinant
L. lactis strains. As shown in Fig. 2a, MTL and its degradation
products, DMDS and DMTS, were readily apparent in reac-
tion mixtures containing purified recombinant His-tagged
MGL. These compounds could not be detected in control
samples incubated in the absence of recombinant protein, con-
firming MGL ,-elimination activity toward L-methionine.
Furthermore, compared to YtjE, reaction mixtures containing
MGL produced at least a 25 times increase in VSC formation
indicative of the higher specificity of MGL from B. linens
toward L-methionine (Fig. 2a). When CFEs were tested, L.
lactis pTnis-mgl produced markedly higher levels of VSCs than
those obtained with L. lactis carrying empty vector (Fig. 2b).
Production of MTL (in assays carried out with purified protein
or CFEs) increased with incubation time along with the for-
mation of DMDS and DMTS. While MTL is expected to be
the major reaction product of L-methionine catabolism,
DMDS was, by far, the most dominant VSC produced in assays
carried out using purified protein (Fig. 2a). This is not surpris-
ing as MTL is a highly reactive sulfur compound that quickly
reacts with itself to form the oxidized and more stable com-
pounds DMDS and DMTS. In contrast, MTL was the domi-
nant VSC produced in assays performed with CFEs (Fig. 2b).
In this instance, some enzymes present in CFEs such as NADH
oxidases could consume oxygen and partially prevent oxidation
of MTL, making it more stable and more prevalent over longer
periods (Fig. 2b). VSC production analyses were also carried
out in 50 mM sodium citrate solution (pH 5.4 with 4.5% NaCl)
to unveil whether MGL produced by the recombinant L. lactis
pTnis-mgl strain was still active under cheese-ripening condi-
tions. In this respect, when using CFEs of L. lactis pTnis-mgl,
the levels of VSCs obtained were about 25% of the levels
obtained under optimum conditions (data not shown). When
whole cells of L. lactis pTnis-mgl were tested under these
conditions, the levels of VSCs obtained remained 20% of those
obtained at pH 8.0 (Fig. 3). A similar percentage was also
observed when comparing the levels of VSC production ob-
tained under the two study conditions with whole cells pre-
pared from B. linens cultures (Fig. 3). Overall, these results
clearly demonstrate that production of MGL in L. lactis can
enhance the ability of these bacteria to produce VSCs, MGL
being the enzyme still active under cheese-ripening conditions.
DISCUSSION
MGL has been reported as the key enzyme in the formation
of VSCs by B. linens (2). This enzyme, however, has not been
found in LAB, which have a limited capacity to produce VSCs
(11, 15). Thus, the aim of this study was to bioengineer LAB to
overproduce MGL from B. linens, in order to enhance their
ability to produce MTL and other related VSCs known to be
critical to cheese flavor development. Initial attempts to clone
and express MGL in L. lactis failed as the native mgl gene was
prone to rearrangement and/or deletions in this host. This may
not be surprising as the GC content of B. linens (GC, 60 to
64%) is quite high (13) compared to that of L. lactis (GC,
35.4 to 36.8%) (40) and these events can be more prevalent
under these circumstances. GC content variation is also the
most important parameter differentiating codon bias between
different organisms, and the frequencies of synonymous codon
usage have been found to be species and even taxon specific
(12). Furthermore, the expression of genes from organisms
with a GC content that is very different from that of the
chosen expression system can often result in translational stall-
ing and low yields of recombinant protein (6). Consequently, a
second approach was used whereby a synthetic mgl gene was
developed which had been codon adapted for optimal expres-
sion in L. lactis. This synthetic gene was successfully cloned and
expressed as a heterologous protein (with or without His6 tag)
in L. lactis.
The purified MGL protein (with a His tag) was shown by
SDS-PAGE to have a molecular mass of 47 kDa, in agreement
with that predicted by its amino acid sequence (45.7 kDa).
Furthermore, the protein was shown on native gels to have an
apparent molecular mass of 170 kDa, comparable to that de-
scribed previously with native MGL isolated from B. linens
BL2, which is known to consist of four identical units of 43 kDa
(16). In this respect, the recombinant enzyme is also similar to
other MGL proteins that have been purified from Pseudomo-
nas putida (31), Citrobacter freundii (29), and the primitive
protozoa Entamoeba histolytica (37) and Trichomonas vaginalis
(28).
The purified recombinant MGL protein (produced in L.
lactis) was shown to degrade L-methionine, but at a 14-fold
lower rate than that reported previously with purified native
MGL from B. linens (16). We can only speculate, but the
inclusion of the carboxyl-terminal histidine tag may have re-
sulted in a reduction in the protein’s biological activity. Fur-
thermore, the recombinant His-tagged MGL protein was also
able to degrade other sulfur-containing compounds such as
L-cysteine, L-cystathionine, and L-cystine. This was unexpected
as MGL from B. linens has been reported not to degrade
L-cystathionine and L-cystine (16). One explanation for these
FIG. 1. Cysteine desulfhydrase activity by in situ staining. MGL
activity was monitored in Tris-glycine gels under nondenaturing con-
ditions using L-cysteine as the substrate. Lanes: M, molecular mass
markers; 1, purified recombinant His-tagged MGL protein; 2, purified
recombinant YtjE protein; 3, CFEs from B. linens cultures; 4 and 5,
CFEs from noninduced (lane 4) and nisin-induced (lane 5) L. lactis
pTnis (empty vector); and 6 and 7, CFEs from noninduced (lane 6) and
nisin-induced (lane 7) recombinant L. lactis pTnis-mgl.
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differences is that previously the specificity of the native MGL
enzyme was determined by measuring the -keto acid produc-
tion instead of assaying for thiol group formation as described
here. In terms of substrate specificity, the recombinant protein
produced here does behave similarly to the purified MGL from
T. vaginalis (28). Furthermore, apart from L-methionine and
L-cysteine, other purified MGLs from Clostridium sporogenes
(26) and Aeromonas sp. (20) have also been shown to degrade
FIG. 2. Production of the VSCs MTL, DMDS, and DMTS by coincubation of L-methionine with either purified recombinant His-tagged MGL
or YtjE (a) or CFEs prepared from the recombinant L. lactis pTnis-mgl strain or the vector control L. lactis pTnis strain (b). Assays were carried
out in 100 mM Tris HCl (pH 8.0) solution. Values are mg liter1 mg1 protein and are the means of three independent measurements. Standard
errors are also indicated.
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L-cysteine and L-cystathionine, respectively. When CFEs were
tested, the L. lactis MGL strain was shown to demonstrate
enzyme activities that were not only dramatically increased
compared to the vector control strain but also similar to those
obtained with CFEs from B. linens cultures.
The formation of VSCs due to the recombinant MGL activ-
ity toward L-methionine under optimum conditions but also
under conditions that mimic cheese ripening was also con-
firmed. GC-MS analyses identified higher formation of MTL
and its auto-oxidation products DMDS and DMTS when ei-
ther purified MGL, whole cells, or CFEs from the overexpress-
ing L. lactis strain were used. Compared to the YtjE C-S lyase,
the recombinant L. lactis MGL yielded markedly larger amounts
of VSCs, which is not surprising as the efficiency of L-methio-
nine conversion by cystathionine - and -lyases in L. lactis has
been shown to be about 100-fold less than that of its preferred
substrate, cystathionine (1, 11).
This is the first report of overexpression of mgl from B.
linens, encoding MGL, in a food-grade microorganism such as
L. lactis. In addition, this study shows activity of the recombi-
nant MGL under cheese-ripening conditions, thus establishing
an alternative basis for the control and/or enhancement of
VSC synthesis during the ripening process. Other promising
strategies aimed at enhancing cheese flavor, such as the over-
production of cystathionine lyases (22, 27) or the addition of B.
linens cells to starter cultures (17), have not been developed
further. In this work, the higher specificity toward L-methio-
nine and other sulfur-containing compounds demonstrated by
recombinant L. lactis strains producing MGL together with the
considerable increase in VSC production point out that this
strategy could represent a more efficient way to enhance
cheese flavor development.
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